ABSTRACT HOLT, STANLEY C. (University of California, Davis), AND ALLEN G. MARR. Location of chlorophyll in Rhodospirillum rubrum. J. Bacteriol. 89:1402Bacteriol. 89: -1412Bacteriol. 89: . 1965.-If cells of Rhodospirillum rubrum are broken by sonic and ballistic disruption, the chlorophyll is not found in discrete cytoplasmic structures, but is located in a more extensive structure of the cell, the intracytoplasmic membrane. Direct electron microscopy of sonically disrupted cells of R. rubrum and stereo-electron microscopy of osmotically shocked cells reveal the presence of a tubular network of internal membranes originating from the periphery of the cell. Schachman, Pardee, and Stanier (1952) found that the photosynthetic pigments released from Rhodospirillum rubrum by sonic treatment and abrasion were sedimentable in the ultracentrifuge. A fraction was purified by differential centrifugation; this fraction contained particles which were 600 to 1,000 A in diameter, had a sedimentation constant of 190S, and contained the entire pigment system of the cells. These particles were named chromatophores. Vatter and Wolfe (1958) initiated the study of the ultrastructure of the photosynthetic bacteria by examining thin sections of R. rubrum, Rhodopseudomonas spheroides, and Chromatium. The cytoplasm of cells grown photosynthetically contained circular profiles approximately 500 to 1,000 A in diameter surrounding regions of low electron density. Cells grown heterotrophically did not contain these structures. Vatter and Wolfe (1958) concluded that these circular profiles were sections of spherical particles identical with the chromatophores as isolated by Schachman and co-workers (1952). Tuttle and Gest (1959) found that all of the pigment in lysates of R. rubrum prepared by osmotic shock of protoplasts was sedimented at low centrifugal force, whereas chromatophores isolated after mechanical disruption required much larger centrifugal forces for sedimentation. Marr (1960) found that osmotic shock of R. rubrum released most of the nucleic acid but only 8% of the chlorophyll. These results could be explained either by the size of the chromatophores relative to the size of the opening in the cell produced by osmotic shock or by the location of the photosynthetic apparatus in a membranous continuum. Marr (1960) and Stainier (1963) postulated that the chromatophore, as isolated by Schachman and co-workers (1952), is the result of mechanical disruption of the intracytoplasmic membrane.
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This paper presents evidence that the principal locus of the photosynthetic pigments in R. rubrum is a system of membranes which originate from the peripheral membrane and which form a tubular, branched network in the cytoplasm.
MATERIALS AND METHODS
Growth of bacteria. R. rubrum (strain S-1) was cultured in liquid medium containing 0.1% NH4Cl, 0.02% MgSO4c7H2O, 0.002% CaC12, 0-05% K2HPO4, 0.1% DL-malate, 0.1% monosodiUm Lglutamate, 0.5% biotin, and 0.13 mg/100 ml of the mixture of trace elements of Aaronson and Baker (1959) . The pH was adjusted to 7.2 to 7.4 with NaOH before autoclaving.
Cultures were grown phototrophically in test tubes (2.8 X 20.0 cm) or in flat Roux bottles (5 X 10 X 25 cm) in a water bath at 30 C in an enclosure which reduced the ambient light intensity. The cultures were sparged with a mixture of 95% N2 and 5% Co2, at a rate of approximately 100 ml/min. Cultures were grown chemotrophically in the dark in similar culture vessels which were wrapped in aluminum foil. The cultures were incubated at 30 C and sparged with 95% air-5% CO2 .
All cultures were growing exponentially at the time of harvest. As evidence of a steady-state, the differential rate of chlorophyll synthesis was measured periodically and was constant for at least two generations prior to harvesting cells from the cultures. The concentration of bacteria was always less than 0.2 mg (dry weight) of cells per milliliter at the time of harvest. At higher densities the "self-shading" increases the differential rate of chlorophyll synthesis.
The cells were harvested by centrifugation at 4 C and washed by three successive centrifugations from cold deionized water at 3,000 X g for 20 min. Chlorophyll was determined by the procedure of Cohen-Bazire, Sistrom, and Stanier (1957) . Turbidity was determined by measuring the optical density in a 1-cm absorption cell with use of a Beckman DU spectrophotometer at 680 mru.
Counting of intact cells. Cells were counted with a Coulter electronic counter (model B) with a 30-,A aperture; samples were diluted in 0.85% NaCl-0.1% formalin which had been filtered through a membrane filter with a 0.45 tu average pore-size. An aperture current of 1/0.707, an amplification setting of 1/4, and a lower threshold setting of 10 were used.
Electron microscopy. Samples were fixed, dehydrated, and embedded as described by Ryter and Kellenberger (1958) . The agar blocks were dehydrated in aqueous ethyl alcohol (v/v) according to the following schedule: 20%, 50%, 75% ethyl alcohol for 30 min each, 95% ethyl alcohol for 60 min, and two successive dehydrations in absolute ethyl alcohol for 60 min. Alcohol was removed with propylene oxide, and the samples were embedded in a mixture of 35% Araldite 6005 and 12% Epon 812.
Sections were cut on a Porter-Blum ultramicrotome with use of glass knife, mounted on Formvarcoated 100-or 200-mesh copper grids, and stained with lead hydroxide according to the procedure of Millonig (1961) . Preparations to be shadowed were dried on 100-or 200-mesh Formvar-coated grids and shadowed with uranium at an angle of 110. Samples were negatively stained with 2% phosphotungstic acid adjusted to pH 7.0, according to the procedure of Huxley and Zubay (1960) .
Stereo-electron micrographs were made with use of relatively thick sections in an RCA stereo holder. All samples for electron microscopy were examined in an RCA EMU-3E or 3G electron microscope.
Sonic treatment. A pellet of washed cells, harvested from a culture grown at a light intensity of 1 ft-c, was suspended in cold 0.05 M phosphate buffer (pH 7.0) to give a concentration of 5 mg (dry weight) per milliliter. An amount (40 ml) was transferred to the cup of the transducer of a Raytheon 10-kc sonic oscillator. The transducer cup was flushed with H2, and the temperature of the samples was maintained at less than 5 C during treatment. The oscillator was operating at full electrical output (approximately 80 acoustical). At intervals, 2.0-ml samples were removed and 2.0 ml of cold 0.05 M phosphate buffer were added to the transducer cup. An appropriate correction was made for the resulting progressive dilution. A portion of the sample was centrifuged at 8,000 X g for 20 min. The absorbancy at 260 mg and the chlorophyll content of the supernatant fluid were measured. The remainder of the sample was used to determine the optical density at 680 m, and the concentration of surviving intact cells.
Ballistic disintegration. Cells from a culture grown at a light intensity of 1 ft-c were suspended in 0.05 M phosphate buffer (pH 7.0) to a concentration of 5 mg (dry weight) per ml. An amount (5 ml) of this suspension, together with 2 ml of glass beads (0.2-mm diameter, Minnesota Mining and Manufacturing Co., St. Paul, Minn.), was added to the cup of the Mickle apparatus. The cups were shaken with a 9-mm peak-to-peak displacement and were cooled to 4 C every 30 see, which maintained the temperature below 20 C during the entire treatment. Turbidity, count of intact cells, and sedimentable chlorophyll were determined as for sonic treatment.
Osmotic shock. The technique of osmotic shock developed by Robrish and Marr (1962) was used. A suspension of cells was mixed with an equal volume of 6 M glycerol. After allowing the mixture to stand 5 min, it was drawn into a syringe and rapidly ejected into 10 times its volume of mechanically stirred buffer at 4 C. The buffer was 0.05 M tris(hydroxymethyl)aminomethane (Tris) HCI (pH 7.5) containing 0.001 M MgCl2 . After disruption, the preparation was treated with 0.5 ,ug of deoxyribonuclease per milliliter for 20 min. The sample was then prefixed in 0.1% 004 and centrifuged at 3,000 X g for 5 min.
RESULTS
The kinetics of release of chlorophyll by sonic treatment of cells of R. rubrum was determined as a test of the hypothesis that the chromatophores are discrete components of the cell. A-substance contained in small, independent structures which are distributed throughout the cytoplasm should be released at the same rate as the disruption of the cells. The rate of release of a substance located in an extensive structure will be less than the rate of disruption of cells.
The results of this experiment are shown in Fig. 1 Fig. 2 . The rate of decrease in sedimentable chlorophyll is much lower than the rate of decrease of turbidity or the release of solutes absorbing at 260 m,u. This result is also at variance with the hypothesis of independent chromatophores and further supports the hypothesis that the photosynthetic pigments are contained in an extensive structure of the cell.
The possibility that the structure of the cells of R. rubrum used in this investigation differed from the structure of cells observed by Vatter and Wolfe (1958) and cells disrupted by osmotic shock. Figure 3 is a section of cells of R. rubrum grown at a light intensity of 1 ft-c. The predominant internal structure shows circular profiles 700 to 1,000 A in diameter, similar to those observed by Vatter and Wolfe (1958) . The cell wall and peripheral membrane are well defined, and the nuclear vacuole is filled with fine fibrils.
Cells grown at 1 ft-c and osmotically shocked are shown in Fig. 4 . Both the cell wall and the cytoplasmic membrane are 75 A thick and have the appearance of "unit membranes." The internal membranes appear to be identical in structure and continuous with the cytoplasmic (peripheral) membrane.
The appearance of fragments produced by sonic treatment and of stereo pairs of sections of osmotically disrupted cells has established the presence of an extensive system of internal membranes. Fig. 5 shows R. rubrum disrupted by sonic treatment and washed by three successive centrifugations from deionized water. About one-half of the cell wall has been disintegrated by sonic treatment. A complex of membranes extends through the opening in the wall. Sections through this network might be expected to show graphs of relatively thick sections of R. rubrum circular profiles. grown at low light intensity (Fig. 6 through 16 ). The three-dimensional appearance of the in-The circular profiles are evident, but the structernal membranes in envelopes which had been ture responsible for these profiles can be identiemptied of cytoplasm by osmotic shock was also fied in stereo as tubules originating from the investigated by preparing stereo-electron micro-periphery of the cell. 
DIscussION
The isolation of chromatophores by Schachman et al. (1952) , together with the observations of apparently independent vesicles by Vatter and Wolfe (1958) , had suggested that the photosynthetic pigments are contained in small independent structures within the cytoplasm of the cell. However, the differential release of chlorophyll during sonic and ballistic disruption of the cells is not in agreement with the location of chlorophyll in such independent vesicles. The rationale of these techniques is that substances contained in independent structures in the cytoplasm should be released at the same rate as the disruption of the cells, provided that the breach in the envelope is sufficient to allow the structures to escape. The rate of release of chlorophyll was found to be much lower than the rate of disruption of cells. Therefore, chlorophyll must be contained in an extensive structure and not in small, independent structures distributed throughout the cytoplasm. l3oth direct electron microscopy of sonically disrupted cells and stereo microscopy of sections reveal a network of tubules attached to the envelope. The reconstruction of the three-dimensional arrangement (Fig. 17, 18 (Fig. 6 through 16 ). This figure is a comtiposite representation of a large number of stereo-electron micrographs. Only those structurles that hare been observed by several independent observers have been indicated. FIG. 18 . Hypothetical three-dimensional representation of the internal membrane systemit of Rhodospirillum rubro;m.
originates at the peripheral membrane. Boatman and Douglas (1962), Cohen-Bazire and Kunisawa (1963) , Giesbrecht and Drews (1962) , and lBoatman (1964) 
